One contribution of 13 to a theme issue 'The biomedical applications of graphene'. Growing interest in the bactericidal effect of graphene and graphene-derived nanomaterials has led to the investigation and effective publication of the bactericidal effects of the substratum, many of which present highly conflicting material. The nature of bacterial cell death on graphene bio-interfaces, therefore, remains poorly understood. Here, we review recent findings on the bactericidal effect of graphene and graphene-derived nanomaterials, and proposed mechanisms of cell inactivation, due to mechanical contact with graphene materials, including lipid extraction, physical damage to membranes and pore formation.
Introduction
Graphene is a two-dimensional, single atomic layer of hexagonally arranged sp 2 bonded carbon atoms. The two-dimensional honeycomb lattice is the basic building block for all other graphitic materials [1] . Over the past 50 years, graphene and graphene-derived materials have been studied extensively due to their excellent electrical conductivity, mechanical strength and optical absorption properties [1] [2] [3] [4] . Graphene and graphene oxide (GO) are easily fabricated through the chemical exfoliation of graphite oxide (GtO) to produce atomically thin flakes. In fact, GtO has offered researchers the potential to fabricate large-scale, chemically modified graphene materials [5, 6] . Graphene-derived materials, such as graphene, GO and reduced GO (rGO), all present with differing thermal, optical, electrical and mechanical properties and have proved versatility in being processed into a wide range of new materials with distinctly different properties [7] . Differences can be accounted for by introduced defects into the graphitic structure during the reduction of GO and uncontrolled chemical functionalisation or adsorption of impurities, dramatically changing its properties [6] .
Recently, the strong antibacterial activity of graphene materials has been brought to light [8] [9] [10] [11] . The first reported instances of the antimicrobial activity of graphene showed very high rates of cell inactivation against both Gram-negative and Gram-positive bacteria (table 1) . These initial investigations into graphenebio-interfaces revealed that direct contact between bacterial cells and the 'sharp' edges of the graphene nanowalls were responsible for severe membrane deformation and the efflux of cytoplasmic material [9, 10] due to a so-called mechano-bactericidal effect: an atom-thin layer of graphene acts as a blade to cut the cell membrane. Another suggested mechanism is induced oxidation. GO contains a range of reactive oxygen functional groups (epoxy, hydroxyl and carboxyl), which makes it less hydrophobic and readily dispersed in water due to electrostatic repulsions and enhanced solvation provided by attached oxygen species [2] . Therefore, antibacterial activity has been the focus of many investigations where bacteria are available to interact with GO nanosheets dispersed in aqueous media. GO dispersed in buffer solution was shown to inactivate 98.5% of Escherichia coli within a 2 h incubation and similarly, within 1 h, 84% of Staphylococcus aureus were observed to be dead (table 1) [9, 10] . Measurements of the intracellular material leaked into solution after incubation on nanostructured graphene surfaces were undertaken by measuring the concentration of RNA [10] . Similar bactericidal activity has also been observed for copper oxide 'nanoflakes' [17] . Therefore, the deposition of graphene and GO nanomaterials onto metal substrata such as stainless steel has made provision for effective antibacterial surfaces. Graphene-derived nanomaterials have since been deposited onto fabrics and filters and hybridized with other antimicrobial agents such as nanocomposites for use in biomedical applications and water disinfection [12, 13, 18, 19] .
The large volume of research conducted in this area, due to the previously reported antimicrobial properties of graphene nanomaterials, has produced conflicting and often opposing results and stirred up much debate regarding the mechanism of bactericidal action of graphene and relative materials [14, 20, 21] . It is apparent that a substantial amount of the disagreement in the literature arises from the lack of a standard of antibacterial efficiency estimation. This needs to be established to encourage more consistency among published results. Here, we review recent findings on the bactericidal effect of graphene and graphene-derived materials focusing on mechanobactericidal effect and provide a critical review of the proposed mechanisms of cell inactivation on graphene bio-interfaces.
Antimicrobial activity of graphene-derived nanomaterials
A graphene suspension in nutrient broth failed to show any microbial activity over time; in fact, an enhancement in cell growth was reported as a function of turbidity [22] . By contrast, other studies using the same experimental conditions show high rates of inactivation of Pseudomonas aeruginosa [14, 23] . In response to this ongoing debate, Palmieri et al. have confirmed that, in the presence of salts, GO forms aggregates which remove cutting edges from interaction with bacteria [11] , thus impeding damage of cells. This makes GO aggregates less efficient than single GO sheets; therefore, antimicrobial activity becomes concentration-dependent. Additionally, assuming weak interaction between GO and bacteria, the GO was proposed as scaffolding to enhance bacterial growth [11, 20, 22] . It has been further hypothesized that studies conducted using nutrient broth may account for the loss of antibacterial activity due to the GO basal planes readily adsorbing a variety of molecules from suspension via non-covalent interactions, thereby removing them from interaction with bacterial cells [21] . Another possible mechanism for the bactericidal action of graphene nanosheets proposes the destructive extraction of lipids from the lipid bilayer [24] . Nevertheless, the continuous publication of inconsistent results and debate over bactericidal mechanism demonstrates the need for further elucidation of the interaction between graphene nanomaterials and bacteria which eventuate in cell death.
The role of surface chemistry?
Factors that may influence the antimicrobial activity of graphene nanomaterials include material properties (electronic structure, size, surface area, material stiffness, purity and lateral dimensions) and surface chemistry [25] . Surface chemical properties can be tuned by changing oxidation or reduction degrees or through doping and surface functionalization, and even before functionalization, the surface chemical properties between members of the graphene nanomaterial family vary in terms of hydrophilicity/hydrophobicity, stability and dispersability in aqueous environments. Additionally, due to the different methods to produce graphite (Gt) derivatives, impurities can be introduced into the graphitic structure, such as chemical additives. Chemical reduction removes various attached hydrophilic functional groups (carboxyls, hydroxyls and epoxyls) on the GO nanomaterial. Graphene is a single, atomic plane of Gt, obtained through mechanical or chemical [26] . The role of surface chemistry contributing to the bactericidal action of GO nanowalls was originally investigated by reducing GO, which introduced changes into the graphitic structure, altering surface chemistry properties [10] . It was found that GO and rGO nanowalls possessed considerable antibacterial activity against both Gram-negative and Gram-positive bacteria; rGO exhibited substantially higher antibacterial activity, supposedly due to a stronger interaction between a bacterial cell membrane (which is slightly negative) and the edges of the nanowalls [27] resulting in enhanced cell-substratum contact. Additionally, it was speculated that the difference between the antibacterial activity observed for E. coli and S. aureus (table 1) can be attributed to the existence of an outer membrane around the Gram-negative species which provides the cell with more protection when compared with the Gram-positive bacterium [10, 11] .
A systematic study comprising Gt, GtO, GO and reduced GO showed that GO and rGO exhibited higher antibacterial activity against P. aeruginosa than Gt [14] . A similar study, investigating the same range of graphene nanomaterials towards E. coli, observed that GO displayed the highest bactericidal efficiency, although GO and rGO both outperformed Gt and GtO. The nominal size of Gt and GtO particles in dispersion was approximately 6 mm, whereas GO and rGO particles were approximately 0.3 -2 mm.
The differing antibacterial activity between graphene materials in their various forms may be attributed to the ability of the material to stably disperse in aqueous media. Aggregation of the carbon-based engineered nanomaterials occurs commonly in this environment. Gt and GtO particles are much larger than GO and rGO nanosheets, as outlined above. rGO particles/nanosheets become larger than GO in dispersion due to the aggregation of the rGO particles. In contrast to Gt, GtO and rGO which aggregate into three-dimensional particles, GO remains as a two-dimensional nanosheet with a thickness of approximately 1 nm [8, 28] . This leads to the hypothesis that, because of different aggregation conditions, small carbonbased materials may potentially penetrate cells, while larger aggregates of material may attach to the outside. It is apparent from studies that the distinct antibacterial activities of graphene nanomaterials are dependent on the aggregation state, and dispersability, of each respective material [8, 14] . Santos et al. [13] showed that a poly(N-vinylcarbazole) (PVK) and graphene nanocomposite achieved higher numbers of cell death than graphene alone most likely due to the better dispersion of graphene nanocomposite in the presence of PVK.
The role of oxidative stress in determining the antibacterial mechanism of graphene surfaces is often claimed to be responsible for the nanomaterials' extensive cytotoxicity [29] . Reactive oxygen species (ROS) include the superoxide radical (O 2 -), hydrogen peroxide and the hydroxyl radical. These molecules are important in triggering cellular processes, particularly apoptosis, and it has been suggested that excess generation of ROS will permeabilize the mitochondrial membrane, disrupting cellular respiratory processes, and initiate programmed cell death [29] . Studies undertaken by Liu et al., however, provided additional evidence of the mechanical bactericidal action of graphene nanomaterials (figure 1) and showed via the cell proliferation assay that relatively little superoxide anion is produced by graphene materials under liquid conditions, therefore invalidating the role of oxidative stress as a result of the production of ROS influencing the mechanism of cell death [8] . It was also reported that an increase in the extent of oxidation of a bacterial antioxidant (glutathione; GSH) corresponding to an increase in the concentration of graphene nanosheet incubated with bacterial suspension might point rsfs.royalsocietypublishing.org Interface Focus 8: 20170060
towards graphene materials being capable of mediating ROSindependent oxidation [8, 14, 30] . This link, however, is weak and there is a lack of direct experimental evidence reported to support this hypothesis. In fact, experimental evidence suggests that material properties, geometry and size of flakes are much more important when determining bactericidal properties than surface chemical properties. Liu et al. showed that the size-dependent antibacterial activity did not stem from the oxidation capacity of GO by comparing the ability of GO nanosheets of differing lateral dimensions to oxidize GSH [1] . The metallicity of the substratum, and the ability of the graphene to act as a pathway for electron transfer, has also been purported as a potential explanation for the high rates of cell death observed on graphene nanomaterials [30] . Graphene produced by chemical vapour deposition on Cu and Ge substrata was reported to be highly antibacterial against both S. aureus and E. coli; however, graphene grown on an SiO 2 substratum did not effectively inhibit the adhesion of bacterial cells [31] . Cell lysis and cytoplasmic leakage were recorded for bacteria incubated on Cu-graphene and Ge-graphene; however, bacteria incubated on SiO 2 -graphene incurred no significant membrane damage. As Liu et al. [8] suggested, the phenomenon can be explained by separate antibacterial effects at work. The conductive properties of both Cu and Ge substrata, overlaid with a graphene monolayer, can act as an excellent circuit for electron transfer. Electrons from the bacterial membrane are thought to be transported through the graphene and accepted by the conductive substratum under a negative membrane potential. This would disrupt the electron transfer within the cell, impeding ATP production which consequently leads to cell death [31, 32] . This theory was further verified by incubating bacteria on a thin GO film, which did not possess exposed sharp edges [15] . The GO films possessed an antibacterial efficiency of 89% [15] .
Despite numerous published works 'confirming' the fate of bacterial cells incubated in suspensions containing graphene nanomaterials, or on graphene substrata, the reported results still give rise to debate over the bactericidal mechanism of graphene-related nanomaterials. The conflicting data suggest that the 'confirmed' mechanisms published are still merely speculations and the true bactericidal properties of graphene remain to be fully elucidated.
Mechano-bactericidal action of graphene nanosheets: recent advances in understanding graphene and graphene-derived nanomaterial bio-interfaces
In further studies of bacterial cells incubated with GO nanosheets and other graphene materials in dispersion, GO nanosheets were observed to destroy E. coli cells through mechanical action [8, 33, 34] . It was found that, in solution, the antibacterial activity of graphene nanomaterials is concentration-dependent, i.e. higher concentrations of graphene nanosheets result in a higher incidence of cell death, and dispersion-dependent (more stably dispersed nanomaterials achieved higher rates of inactivation) [8] [9] [10] 13, 16, 28] . More significantly, the size and aggregation of graphene materials have been found to have impact on the bactericidal efficiency of these surfaces and materials in suspension. It was predicted by Sanchez et al. that material properties, such as surface area, layer number and lateral dimension, would be important in determining the biological interactions of graphene-derived nanomaterials. Lateral dimension, for example, is particularly relevant for cellular uptake [25] . Liu et al. [16] reported that the antibacterial activity of GO nanosheets of differing lateral dimensions (size differed by more than 100 times) showed large GO sheets exhibiting higher antibacterial activity against E. coli than smaller sheets. The lateral size of GO nanosheets also seemed to have impact on the concentration and timedependent inactivation of bacterial cells. This study reported the use of GO nanosheets with dimensions of more than 9 mm 2 ; however, this is much larger than particle sizes reported in other studies. The conclusion that bactericidal activity stems from 'wrapping' of the bacterium and isolation from nutrient in media must be considered as a stand-alone case.
Another separate study, which also investigated the impact of GO nanosheet size, determined that GO-based surface coatings were more efficient antimicrobial surfaces when the GO nanosheets were smaller. They also confirmed the 'wrapping' mechanism of large GO nanosheets in suspension [35] .
Recent rationalization of the killing effect, where the degree of lipophilicity of graphene and GO nanosheets, has been proposed as a factor influencing the extent of damage to bacterial cell membranes [24, 36, 37] . Owing to the carbon nature of graphene, graphene layers are able to interact with lipids in the cellular membrane. The interactions between graphene surface and lipid tails can be strong enough to overcome lipid-lipid attractions, enabling physical membrane disruption. The tails of phospholipids present in the bacterial cell bilayer have been observed to interact with graphene, allowing insertion of the graphene into the membrane which, in turn, may lead to extraction of phospholipids following the insertion of graphene nanosheets into the cell membrane, and creation of pores, altering osmotic pressure and culminating in cell inactivation [24, 36] . Molecular dynamic simulations performed to test the formation of hybridized graphene/cellular membrane super structures provided the first evidence of physical disruption of cellular membranes. The model illustrated how a graphene monolayer, encapsulated by phospholipids, is inserted into a cellular membrane through, firstly, interaction between the phospholipid micelle which initiates the formation of a bottle-neck vesicle which draws the graphene monolayer into the centre of the membrane bilayer. This process was calculated to take approximately 516 ns [38] .
Wang et al. proposed that the graphene nanosheet would undergo a period of fluctuations under Brownian motion before approaching the membrane with one corner. Following contact, insertion and rotation occur which facilitate spontaneous entry into the membrane. Before insertion, the graphene nanosheet is wrapped by a monolayer of lipids, pulled from the top layer of the lipid bilayer, substantially altering the free energy barrier of graphene entry into the cell (figure 2a) [39] .
Dissipative particle dynamics simulations performed by Guo et al. were used to reproduce the events at the lipid bilayer in the presence of graphene nanosheets with varying dimensions. Size-and edge-dependent effects were recorded, and small nanosheets with side lengths of 3.5 nm were observed to easily form the aforementioned 'sandwich' membrane/ graphene superstructure, whereas larger nanostructures (side length ¼ 14 nm) initiated the formation of hemisphere vesicles for encapsulation [40] . Disruption of the bilayer structure was found to be more significant with larger graphene nanosheets rsfs.royalsocietypublishing.org Interface Focus 8: 20170060 than smaller ones, suggesting higher cytotoxicity for cells. More recent research also focused on the size dependency of graphene nanosheets and their interaction with the lipid bilayer. Small sheets (0.9-5.2 nm) were able to enter the membrane without creating significant perturbation, while larger sheets (5.2-11.2 nm) would only cross the membrane in a particular orthogonal orientation or were adsorbed onto the membrane surface causing lipid displacement, as they relocated onto the graphene nanosheet, and pore formation, disrupting cell functioning [41] . Like all other models proposed, rotation and orientation of the nanosheet is deemed an important factor in translocation of graphene into the lipid bilayer, although preferred orientation is dependent on size [38, 39, 41, 42] .
Further simulations completed by the same group verified that successful transmembrane relocation of graphene nanosheets through a lipid bilayer is dependent on the degree of oxidation of the nanosheet and lateral size. In suspension, very small GO nanosheets cause very little membrane perturbation and tend to accumulate on the outside of the cell. By contrast, large GO sheets are able to pierce through the membrane [43] . For small (less than 8 nm) pristine graphene flakes with very little oxidation, interaction with the membrane was directed by contact between the membrane lipid tails and spontaneous insertion of the nanosheet into the membrane. According to the simulations, when the size of the graphene nanosheet is larger than 8 nm, interaction between the nanosheet and the membrane incurs the formation of a hemispherical lipid vesicle. With increasing oxidation of the basal plane, graphene-membrane interactions are mediated by the increased hydrophilicity and interaction mainly occurs with lipid head-groups [39] . Tu et al., in one of two models, suggested that extraction of phospholipids destroys the integrity of the membrane through removal of lipids and destabilization of the membrane structure. The geometric properties of nanosheets, such as sheet density, sharpness and orientation, may also influence the degree to which the graphene is inserted into the membrane [36, 44] . Coarse-grained molecular dynamic simulations revealed that graphene will penetrate the cell membrane at the point of lowest energy barrier and when the atomically thin flake is in a particular orthogonal orientation which minimizes interactive free energy and is a thermodynamically preferred configuration [24, 42, 45] . Mao et al. also determined that, although pristine and nominally oxidized graphene nanosheets may orientate themselves to successfully pierce the lipid bilayer and be inserted into the membrane, heavily oxidized graphene (GO) nanosheets are faced with a high energy barrier for insertion; initially, nanosheets must be anchored onto the membrane before vibrations and spontaneous movement allows for the unoxidized graphene edges to come into contact with the lipid tail groups, facilitating insertion into the membrane [43] . Interestingly, it was also suggested that the bactericidal activity of GO nanosheets could be a purely spontaneous process (thermodynamically driven) with no need for energy consumption usually involved with the endocytosis process and vesiculation.
These conclusions were confirmed through further experimentation [24] , showing the penetration of bacterial cell membranes occurring upon direct contact with the sharp edges of graphene nanomaterials.
TEM analysis of bacterial cells exposed to GO nanosheets in suspension shows destruction of the bacterial membrane and loss of intracellular substance, leading to the conclusion that irreversible damage to the membrane by graphene nanomaterials had occurred via some physical means (figure 3) [46] . Advanced microscopy methods show that Gram-negative bacteria are more susceptible to the action of GO nanosheets [28] . This finding is reiterated in the literature by research on the bactericidal activity of a range of other nanostructured materials due to the thinner cell membrane of Gram-negative bacteria which is less resistant to the 'mechano-bactericidal' action of nanostructured surfaces.
In a study of graphene surfaces where the stacking orientation of graphene resulted in three separate nanotopographies [36] , it was observed that graphene surfaces with an exposed edge length of 137.3 nm, density of graphene edge of 7.7 mm mm 22 and stack angle orientation of 62.18 were extremely bactericidal towards Gram-negative P. aeruginosa (87%) but not so much towards Gram-positive S. aureus. By contrast, graphene surfaces which were five times smoother exhibited much higher bactericidal activity against both types of cells. The authors concluded that the density of graphene edges is paramount in determining the effectiveness of the surface as a bactericidal material. Simulation studies revealed that the surface of the membrane lipid bilayer lifts to attach
igure 2. Two suggested mechanical impacts on the lipid membrane due to interaction with the sharp edge of a graphene flake: (a) extraction of the lipids from the membrane (adapted from Krishnamoorthy et al. [34] ) and (b) pore formation due to reorientation of lipid tails to graphene surface; lipid heads are inverted into the pore. (i) Tails around graphene flake and (ii) volume fraction of lipids in the regime of pore formation. Adapted from Pham et al. [36] .
rsfs.royalsocietypublishing.org Interface Focus 8: 20170060 to a graphene sheet which, in turn, increases the contact area between the graphene and the hydrocarbon tails of the lipids (figure 2b). As per previous models [24, 42] , membrane penetration initially occurs through the rotation, vibrations and migration of the graphene edge into the lipid bilayers. Full penetration results in the formation of pores and a change in osmotic pressure within the cell which leads to swelling and eventual cell death [36] . Therefore, through multiple simulations and modelling proposed by various groups, the bactericidal mechanism has been suggested as the formation of pores following insertion of a graphene flake rather than the graphene nanowall acting as a 'blade' to 'cut' the bacterial membrane as has recently been suggested [11] .
Biological effects of graphene materials
As graphene is made of covalently linked carbon atoms, graphene materials are among the strongest in the world. The rigidity and robustness of graphene materials greatly affect interactions with biological objects and raise the question of biocompatibility and toxicity. Most findings report the cytocompatability of graphene at low concentrations; however, there exists a strong correlation between increasing cytotoxicity and increasing concentration of graphene [9, 13, 14, 19, 47, 48] . Graphene and GO have been shown to support the growth, proliferation and differentiation of a variety of cell lines [22, 49, 50] . Graphene materials have also been shown to allow for the spontaneous differentiation of mouse-induced pluripotent stem cells and human mesenchymal stem cells [51, 52] . However, the biological effects of graphene materials depend on the extent of functionalization of the graphene in order to reduce its toxicity. For example, reduced GO, or functionalized graphene (with polyethylene glycol/polyethyleneimine), has displayed higher cytocompatability when compared with cells treated with pristine graphene and GO due to the improved stability of the material in its reduced or functionalized state [53] [54] [55] [56] [57] . Hu et al. [58] observed that the toxicity of GO was largely diminished when incubated with bovine serum albumin due to the ability of the GO to adsorb protein. Additionally, the majority of cytotoxicity effects on mammalian cells show dose-dependent toxicity and sizeand shape-dependent toxicity [59] [60] [61] [62] [63] . Cellular uptake of large GO particles by mouse myoblasts (0.6-0.8 mm diameter) was established to be an energy-driven process, phagocytosis. Because endocytosis is a temperature-dependent process, it was confirmed as the route of entry into the cells when no uptake was observed at 48C. Smaller GO sheets (0.4 mm in diameter) were internalized via clathrin-mediated pathways [64] . In epithelial carcinoma lung cells, GO exhibited no cytotoxicity up to 100 mg ml 21 [60] ; by contrast, studies involving graphene nanoribbons show cytotoxicity towards mammalian cells at concentrations as low as 1 mg ml 21 [65] . One explanation for the current disagreement in the literature regarding the cellular toxicity of graphene materials towards both bacteria and eukaryotic cells is that the physicochemical properties of GO and graphene, such as size, surface charge, particulate state, surface functional groups and residual precursors, are not always well controlled, although they are likely to have significant impact on biological/toxicological activity. Similar to the mechano-bactericidal action of GO observed for bacterial cells, the cytotoxicity of GO has been reported to stem from its ability to affect the cellular integrity of mammalian cells through physical insertion through the phospholipid bilayer [42, 66, 67] . There have been reports of significant membrane deformation of mammalian cells in the presence of GO nanosheets as the cells attempt to internalize graphene nanomaterials [58, 66] . A protein corona coating on GO was successfully used in order to mitigate the cytotoxicity of GO nanosheets towards lung epithelial cells, effectively retarding the insertion of the GO into the lipid bilayer [58, 68] . Other explanations for cytotoxicity have been reported to arise from oxidative stress, DNA fragmentation and chromosomal aberrations [65, 66] . Notably, the uptake of graphene nanosheets has been observed to be dependent on cell type. In a study of three separate cell lines (Saos-2 osteoblasts, HepG2 hepatoma cells and RAW-264.7 macrophages), three different endocytosis mechanisms were assessed. Graphene nanomaterials could be internalized through microtubules in osteoblasts, phagocytosis and clathrin-dependent mechanisms by hepatoma cells and macrophages internalized graphene through clathrin-dependent endocytosis only [69] .
Conclusion and outlook
Understanding of the interactions between biological materials and graphene nanomaterial substrata is key to the fabrication of graphene-enabled biomedical tools and will help to manage possible cytotoxic effects arising from the increase in the use of graphene as an exciting tool within a wide array of industries ranging from photonics to medical devices. Graphene, GO and functionalized versions of these two materials show promise as effective antimicrobial agents with incredibly high bactericidal activities reported throughout rsfs.royalsocietypublishing.org Interface Focus 8: 20170060 the literature. Current understanding of the bactericidal mechanism is limited and remains under intense debate. In our opinion, the reasons for such discrepancies are (i) lack of precise protocol to define the bactericidal efficiency in different systems making it difficult to compare; (ii) the importance of size and geometry of graphene materials is underestimated; (iii) the aggregation of graphene materials, which depends on external conditions and concentration, has not received enough attention; (iv) lack of surface properties control in different fabrication techniques resulting in very different materials with the same name.
Theoretical modelling and simulations provide compelling evidence as to the physical perturbation of bacterial cell membranes, guided by the degree of lipophilicity of the graphene substrate. Membrane deformation occurs initially through the formation of pores and finally an imbalance of osmotic pressure and cell rupture.
In the future, the potential to capitalize on the unique electronic properties of graphene materials promises to establish new photo-electrochemical mechanisms for bactericidal action, which have yet to be explored. Graphene has a unique electron energy-band structure with a joint point in the dispersion diagram connecting the valence and conduction bands. This makes graphene able to absorb the entire spectrum of electromagnetic radiation and opens unique properties in thermal treatment, photo-activation and electron-hole pair generation.
The full potential and photo-electrochemical mechanisms of the bactericidal action of graphene-family materials could be elucidated in the near future by collective efforts employing Raman scattering (including surface-enhanced scattering) under electrical bias and photo-controlled excitation. In fact, currently, Raman is used as a tool to track morphological changes in bacteria, analysing the antibacterial action of GO on the molecular level [70] . Such measurements under chromatographic detection conditions will reveal products of occurring reactions, e.g. water splitting in simulated and real physiological conditions that are occurring on the graphene surface depending on its electrical potential and substrate (defining the energy-band diagram). Depending on the substratum and its electron affinity, graphene can open a band-gap in its electronic energy diagram and become an n-or p-type 'semiconductor'. Manifestation of this will result in specific energy potential positions for electrons which creates oxidation/reduction pathways for electron transport, as seen with photo-activated TiO 2 which leads to the production of oxidizing agents such as hydrogen peroxide H 2 O 2 and O À 2 , which are known to cause oxidative stress in bacteria [71] . These future directions, which combine both surface chemistry and surface nano-topographical effects, promise to facilitate the use of graphene as an effective antimicrobial surface for use in a wide range of applications. 
